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A B S T R A C T
A new eddy c u r r e n t t u b e t e s t i n g t e c h n i q u e has been d e v e loped. This t e c h n i q u e h a s i n c r e a s e d r e s o l u t i o n and s e n s i t i v i t y t o d e f e c t s and a r e d u c t i o n of n o n p e r t i n e n t t u b i n g v a r i a t i o n s as compared t o t h e e n c i r c l i n g c o i l t e c h n i q u e . This i s accomp l i s h e d w i t h no l o s s of i n s p e c t i o n r a t e .
The new t e c h n i q u e u t i l i z e s a h y b r i d c o i l c o n f i g u r a t i o n cons i s t i n g of b o t h e n c i r c l i n g c o i l s and probe c o i l s . The e n c i rc l i n g c o i l s a r e used as t h e d r i v e r s . A p l u r a l i t y of probe c o i l s , mounted between t h e e n c i r c l i n g c o i l s around t h e c o i l form c i r c u m f e r e n c e , s e r v e as t h e p i c k u p s . These a r e sequent i a l l y sampled a t a r a p i d r a t e ; t h u s , a 100% i n s p e c t i o n of t h e tube i s performed by o n l y t r a n s l a t i n g t h e tube through t h e c o i l form. c u r r e n t t e c h n i q u e d e v e l o p e d by B a t t e l l e -N o r t h w e s t . T h i s eddy c u r r e n t t e c h n i q u e h a s i n c r e a s e d r e s o l u t i o n and s e n s i t i v i t y t o t u b i n g d e f e c t s o v e r t h a t of t h e e n c i r c l i n g c o i l method and y e t h a s comparable t h r o u g h p u t r a t e s .
The p r o t o t y p e s y s t e m u s i n g t h i s t e c h n i q u e o p e r a t e s on a s i n g l e f r e q u e n c y and u t i l i z e s b o t h t h e i n -p h a s e and q u a d r a t u r e components of t h e t e s t s i g n a l . These p r o b e c o i l s a r e s e q u e n t i a l l y sampled a t a h i g h r a t e . Thus, i n e f f e c t , t h e i n s t a n t a n e o u s i n s p e c t i o n a r e a i s a p p r o x im a t e l y e q u i v a l e n t
t o t h e a r e a o f t h e p r o b e c o i l s b e i n g sampled. T h i s a r e a i s c o n s i d e r a b l y s m a l l e r t h a n t h a t of a c o n v e n t i o n a l e n c i r c l i n g c o i l t e s t e r . T h e r e f o r e , t h e new t e s t e r i s l e s s s u s c e p t i b l e t o n o n p e r t i n e n t s i g n a l s s u c h a s t h o s e p r o d u c e d by d i m e n s i o n a l v a r i a t i o n s . C o n s e q u e n t l y , t h e s e n s i t i v i t y t o l o c a l i z e d d i s c o n t i n u i t i e s i s p r o p o r t i o n a l l y i n c r e a s e d .
A r e d u c t i o n o f n o n p e r t i n e n t s i g n a l s , such a s t h o s e c a u s e d by d i m e n s i o n a l v a r i a t i o n s , and an i n c r e a s e i n s e n s i t i v i t y t o s m a l l d e f e c t s h a s been a c h i e v e d by t h e development o f a new eddy c u r r e n t t u b e t e s t i n g t e c h n i q u e . The t e c h n i q u e u t i l i z e s a h y b r i d c o i l c o n f i g u r a t i o n , s a m p l i n g of m u l t i p l e p i c k u p c o i l s and s i g n a l p h a s e d i s c r i m i n a t i o n t o a t t a i n t h e s e c a p a b i l i t i e s .
A t u b e i s 100% i n s p e c t e d by o n l y t r a v e r s i n g t h e t u b e t h r o u g h t h e b o r e o f t h e c o i l form. No r o t a t i o n o f e i t h e r t h e c o i l s o r t h e t u b e i s r e q u i r e d . C o n s e q u e n t l y , t h e t h r o u g h p u t r a t e i s comparable t o t h a t o f a s y s t e m t h a t u s e s o n l y e n c i r c l i n g c o i l s .

D I S C U S S I O N
One p a r t i c u l a r problem t h a t eddy c u r r e n t t e s t s y s t e m s have h a d t o c o n t e n d w i t h i s t h a t t h e t e s t s i g n a l s c o n t a i n t o o much i n f o r m a t i o n . T e s t specimen p a r a m e t e r s such a s d i m e n s i o n a l
v a r i a t i o n s and m a t e r i a l i n h o m o g e n e i t y c o n t r i b u t e s i g n a l s t h a t a r e i n some c a s e s i n d i s t i n q u i s h a b l e from d e f e c t s i g n a l s . O f t e n when a t e s t i s made o n l y f o r d e f e c t s , t h e d i m e n s i o n a l and i n h o m o g e n e i t y s i g n a l s mask o u t t h e d e f e c t s i g n a l s . The t e c h -
s c r i b e d i n t h i s r e p o r t was d e v e l o p e d t o i n c r e a s e t h e s e n s i t i v i t y t o d e f e c t s and t o r e d u c e t h e s e n s i t i v i t y t o t h e o t h e r m a t e r i a l v a r i a t i o n s . T h i s was done by d e c r e a s i n g t h e i n s p e c t i o n a r e a t h r o u g h t h e u s e o f s m a l l d i a m e t e r p r o b e c o i l s a s p i c k u p s .
The n e c e s s i t y f o r h e l i c a l l y s c a n n i n g t h e t u b i n g i s e l i m i n a t e d by h a v i n g m u l t i p l e p r o b e c o i l s . These c o i l s a r e mounted a r o u n d t h e c o i l form c i r c u m f e r e n c e i n s u f f i c i e n t numb e r s t o p r o v i d e 100% i n s p e c t i o n of t h e t u b e . By s a m p l i n g t h e c o i l s a t a h i g h r a t e , f u l l a d v a n t a g e i s o b t a i n e d from t h e s m a l l i n s p e c t i o n a r e a o f e a c h c o i l .
The t u b i n g t r a n s p o r t s y s t e m p r o v i d e s t h e r e q u i r e d t r a n s - 
E L E C T R O N 1 CS D E S C R I P T I O N
A b l o c k d i a g r a m o f t h e p r o t o t y p i c a l e l e c t r o n i c s s e c t i o n i s shown i n F i g u r e 2 . The a c t u a l number o f some o f t h e c i r c u i t s , s u c h a s s i g n a l g a t e s , depends upon t h e p a r t i c u l a r a p p l i c a t i o n . T h e r e f o r e , o n l y a g e n e r a l d e s c r i p t i o n f o l l o w s .
i t s . The t i m i n g c l o c k s u p p l i e s p u l s e s t o t h e r e c y c l i n g c o u n t e r a t a r a t e o f 10 kHz. T h i s b i n a r y coded d e c i m a l (BCD) c o u n t e r p r o d u c e s t h e r e q u i r e d c o u n t . T h i s c o u n t i s t h e n decoded by t h e b i n a r y -t o -d e c i m a l d e c o d e r . The o u t p u t s o f t h i s c i r c u i t produce a c o n t i n u i n g s e q u e n c e of p u l s e s a t a h i g h r a t e . These p u l s e s a r e c o u p l e d t o t h e s i g n a l g a t e s and c a u s e t h e g a t e s t o b e s e q u e n c e d "on"
i n a c o n t i n u i n g manner.
Balance c i r c u i t s a r e r e q u i r e d f o r e a c h s e t o f c o i l s b e i n g m o n i t o r e d . C o n t r o l s a r e p r o v i d e d s o t h a t b o t h t h e a m p l i t u d e
and p h a s e o f t h e b a l a n c i n g v o l t a g e c a n b e v a r i e d .
D E S C R I P T I O N O F C O I L C O N F I G U R A T I O N
T h i s t e c h n i q u e u s e s a c o i l c o n f i g u r a t i o n c o n s i s t i n g o f b o t h e n c i r c l i n g c o i l s and p r o b e c o i l s . The d i m e n s i o n s and s p a c i n g o f a l l t h e c o i l s a s w e l l a s t h e number of p r o b e c o i l s and t h e i r d i a m e t e r s depend upon t h e s i z e o f t u b e b e i n g i n s p e c t e d .
TO ENCIRCLING TO RECORDER 
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The o p e r a t i o n of t h e system i s q u i t e s t r a i g h t f o r w a r d . An a l t e r n a t i n g c u r r e n t i s s u p p l i e d by t h e e l e c t r o n i c s t o t h e e n c i r c l i n g c o i l s . These c o i l s i n t u r n produce a magnetic f i e l d which induces eddy c u r r e n t s i n t h e t u b e w a l l a s t h e t u b e b e i n g i n s p e c t e d i s p a s s e d through t h e c o i l form. When t h e flow of t h e s e c u r r e n t s i s i n t e r r u p t e d by a d i s c o n t i n u i t y , a s m a l l magn e t i c f i e l d i s produced. This f i e l d i s s e n s e d by one o r more probe c o i l s , depending upon t h e s i z e of t h e d i s c o n t i n u i t y . These c o i l s a r e sampled a t a h i g h r a t e . Thus, advantage i s t a k e n of t h e s m a l l i n s p e c t i o n a r e a of t h e probe c o i l s . The
number o f c o i l s sampled a t one t i m e , and t h e i r p o s i t i o n s , depend upon t h e t y p e and s i z e of t u b e b e i n g i n s p e c t e d and t h e d e s i r e d d e f e c t d e t e c t i o n l e v e l .
The c l o c k i n t h e p r o t o t y p e system o p e r a t e s a t 10,000 p u l s e s p e r second. T h e r e f o r e , t h e optimum r e a d -o u t d e v i c e would be a f a s t -r e s p o n s e alarm c i r c u i t .
Such a c i r c u i t would be a b l e t o respond t o s i g n a l s a t e a c h sampling time and would n o t be i n f l u e n c e d by t h e p r e c e d i n g o r succeeding s i g n a l s . I n our p a r t i c u l a r c a s e , it i s h i g h l y d e s i r a b l e t o have a perman e n t r e c o r d s o we use a c o n v e n t i o n a l s t r i p c h a r t r e c o r d e r .
The s i g n a l -t o -t u b e n o i s e r a t i o i s degraded somewhat by u s i n g t h i s r e c o r d e r b u t n o t t o an o b j e c t i o n a b l e d e g r e e . S i n c e t h e r e c o r d e r cannot respond a t t h e h i g h sampling r a t e , t h e r e c o r di n g i s a c t u a l l y an average r e a d i n g of a l l t h e probe c o i l s .
For t h e 0.230 i n . OD t u b i n g t e s t , two probe c o i l s ( t h a t were p h y s i c a l l y 180 d e g r e e s a p a r t ) were sampled a t a t i m e .
These c o i l s were e l e c t r i c a l l y connected s o t h a t t h e s i g n a l s t h a t a r e caused by t u b e e c c e n t r i c i t y c a n c e l .
I n t h e i n i t i a l s e t u p , t h e c a l i b r a t i o n s t a n d a r d i s i n s e r t e d
i n t o t h e b o r e of t h e c o i l form. With t h e c l o c k o f f , t h e c o u n t e r i s r e s e t t o z e r o by pushing t h e "Reset" b u t t o n . A t t h i s c o u n t , S i g n a l Gate 1 i s on and o n l y t h e s i g n a l s from t h e two c o i l s connected t o t h i s g a t e a r e coupled t o t h e t e s t e r .
The r e s i d u a l c o i l v o l t a g e i s t h e n n u l l e d , u s i n g t h e Balance C i r c u i t 1 c o n t r o l s . An o s c i l l o s c o p e , connected t o t h e n o n d i ff e r e n t i a t e d X and Y t e s t e r o u t p u t t e r m i n a l s , i s used t o d e t e rmine t h e n u l l c o n d i t i o n . The c l o c k i s then manually s i n g l ep u l s e d , which c a u s e s t h e c o u n t e r t o count t o t h e n e x t number.
S i g n a l Gate 2 i s then on and o n l y t h e c o i l s connected t o t h i s g a t e a r e coupled t o t h e t e s t e r . The n u l l i n g procedure f o r t h e s e c o i l s i s performed. This procedure i s r e p e a t e d u n t i l a l l of t h e c o i l s have been b a l a n c e d . The clock i s t h e n t u r n e d on and t h e c o n v e n t i o n a l procedure of p h a s i n g t h e tube wobble s i g n a l i n t o t h e h o r i z o n t a l (X) channel i s t h e n performed. The system i s t h e n ready f o r o p e r a t i o n .
T E S T R E S U L T S
F i g u r e 6 shows t h e c r o s s s e c t i o n of t h e c a l i b r a t i o n s t a n d a r d used t o o b t a i n comparison r u n s of b o t h t h e e n c i r c l i n g c o i l and h y b r i d c o i l t e c h n i q u e s . I t i s 316 s t a i n l e s s s t e e l and h a s a 0.230 i n . OD w i t h a 0.015 i n . w a l l . Twelve e l e c t r i cdischarge-machined n o t c h e s of v a r i o u s s i z e s s e r v e a s a r t i f i c i a l d e f e c t s . F i g u r e 7 shows t h e r e s u l t s o b t a i n e d u s i n g t h e c o n v e n t i o n a l e n c i r c l i n g c o i l t e c h n i q u e . T h i s method u t i l i z e d two d i f f e r e nt i a l l y connected e n c i r c l i n g c o i l s , each 30 m i l s wide, s p a c e d 30 m i l s a p a r t . The r e s u l t s were a c t u a l l y f a i r l y good. Out of a t o t a l of 1 2 n o t c h e s , 11 were d e t e c t e d . Notch 5 was completely masked by a background s i g n a l of undetermined o r i g i n .
I t i s q u i t e l i k e l y t h a t t h i s s i g n a l was caused by a v e r y s l i g h t d i m e n s i o n a l change t h a t encompassed a r a t h e r BNWL-1355 l a r g e p o r t i o n o f t h e t u b e c i r c u m f e r e n c e . The e n c i r c l i n g c o i l t h e r e f o r e e f f e c t i v e l y i n t e g r a t e d t h e s i g n a l s from t h i s anomaly 
The sampled h y b r i d c o i l t e c h n i q u e d e t e c t e d a l l 1 2 n o t c h e s and w i t h a c o n s i d e r a b l y b e t t e r s i g n a l -t o -t u b e r a t i o . T h i s t e c h n i q u e d i s c r i m i n a t e d a g a i n s t t h e anomaly which h a d masked
t h e s i g n a l from Notch 5 u s i n g t h e e n c i r c l i n g method. The i n d ic a t i o n a t P o i n t A was a l s o r e d u c e d i n magnitude.
These r e s u l t s s u b s t a n t i a t e t h e p r e v i o u s s t a t e m e n t s t h a t t h e s e two i n d i c a t i o n s were from a n o m a l i e s which were s h a l l o w i n d e p t h b u t which encompassed a f a i r l y l a r g e a r e a .
One would e x p e c t t h e a d v a n t a g e s o f t h e h y b r i d c o i l s y s t e m t o be even more pronounced when u s e d on l a r g e r d i a m e t e r t u b i n g . 
